The aim of this study was to evaluate the efficacy and safety of mipomersen in hypercholesterolemic subjects taking stable statin therapy.
Background
Mipomersen is an apolipoprotein (apo) B synthesis inhibitor that has demonstrated significant reductions in apo B and low-density lipoprotein (LDL) cholesterol in Phase 1 clinical trials in healthy volunteers.
Methods
A randomized, placebo-controlled, dose-escalation Phase 2 study was designed to evaluate the effects of mipomersen in hypercholesterolemic subjects taking stable statin therapy. Seventy-four subjects were enrolled sequentially into 1 of 6 dose cohorts at a 4:1 (active/placebo) ratio. Subjects received 7 doses of 30 to 400 mg over 5 weeks in the first 5 cohorts and 15 doses of 200 mg over 13 weeks in the sixth cohort. Pre-specified end points included percentage change from baseline in apo B and LDL cholesterol. Safety was assessed with laboratory test results and by the incidence and severity of adverse events.
Results
The apo B and LDL cholesterol were reduced by 19% to 54% and 21% to 52%, respectively, at doses of 100 mg/week mipomersen and higher in the 5-week treatment cohorts. Efficacy seemed to increase upon treatment for 13 weeks at a dose of 200 mg/week. Injection site reactions (mild to moderate erythema [90%]) and hepatic transaminase increases (17%) were the most common adverse events, leading to discontinuation in 2 subjects and 1 subject, respectively. In the 13-week treatment cohort, 5 of 10 subjects (50%) had elevations Ն3ϫ the upper limit of normal, 4 of which persisted on 2 consecutive occasions.
Conclusions
Mipomersen might hold promise for treatment of patients not reaching target LDL cholesterol levels on stable statin therapy. Further studies are needed to address the mechanisms and clinical relevance of transaminase changes after mipomersen administration. Low-density lipoprotein (LDL) cholesterol is the primary target for lipid-lowering therapy in patients at risk for cardiovascular disease (1, 2) . This guideline is based upon the consistent, positive association between circulating LDL cholesterol levels and the incidence of major adverse cardiovascular events observed in large population studies (3, 4) , genetically determined hypercholesterolemia phenotypes (5,6), as well as major clinical outcome trials with statins (7) (8) (9) . Results from the latter investigations led to the recommendation for aggressive reductions in LDL cholesterol, particularly in very-high-risk patient populations (1) . Despite the advent of potent statins and an increase in usage of combination therapies to support these updated guidelines, current therapies are still inadequate for optimal treatment of a substantial portion of the high-risk patient populations (10 -12) . Thus, there is a need for the development of therapeutic agents with complementary effects.
Mipomersen is a secondgeneration antisense oligonucleotide designed to inhibit production of human apolipoprotein (apo) B-100 in the liver (13, 14) . Apo B-100 is an essential component of LDL cholesterol and all other metabolically related atherogenic lipoproteins. In healthy human volunteers dosed for 4 weeks, mipomersen produced dose-dependent reduction in apo B levels that resulted in reduction of LDL cholesterol levels as much as 44% from baseline (15) . A drug elimination half-life of approximately 30 days resulted in a prolonged pharmacological effect. Treatment was well-tolerated and demonstrated an acceptable safety profile. In a second Phase 1 study, concomitant administration of either simvastatin or ezetimibe had no significant effect on the pharmacokinetic properties of mipomersen and vice versa (16) . These results are consistent with the metabolism of mipomersen by nucleases followed by rapid clearance of the metabolites via urinary excretion (17) .
In this report we describe the results from a randomized, placebo-controlled, dose-escalation Phase 2 study designed to determine the efficacy and safety of mipomersen in hypercholesterolemic subjects receiving stable statin therapy.
Methods
Study participants. Eligible participants were 18 to 65 years of age without any clinically significant medical condition at screening and with fasting LDL cholesterol between 100 and 220 mg/dl on stable statin therapy. Participants were receiving stable statin therapy at a dose of Յ40 mg/day for at least 3 months before treatment with the study drug. The study was approved by the institutional review board of the local centers, and all subjects gave written informed consent. The study was performed in compliance with the standards of Good Clinical Practice (ICH/E6/R1) and the Declaration of Helsinki (Washington 2002).
Study participants enrolled sequentially into 1 of 5 5-week dose-escalation cohorts at 4 sites in the Netherlands between October 24, 2005 , and December 14, 2006. The protocol was amended on August 14, 2006 , to evaluate the effects of an extended treatment period of 13 weeks in 2 dose cohorts, where eligible participants enrolled at 3 sites in the Netherlands and 1 site in the U.S. between October 16, 2006, and March 5, 2007 . Study design. This randomized, double-blind, placebocontrolled, dose-escalation study comprised 6 cohorts. Five cohorts were designed to evaluate the effects of short-term treatment over a range of doses, and 1 was designed to evaluate an extended treatment period at the 200-mg dose that is under consideration for Phase 3. In the 5 doseescalation cohorts, the study drug was administered at a dose of 30, 100, 200, 300, or 400 mg for a total of 7 doses over a 5-week period. In the extended treatment cohort, the study drug was administered at a dose of 200 mg 3 times (qod) in the first week and then once/week for 12 weeks for a total of 15 doses.
Subjects were randomized at a ratio of 4:1 for active drug to placebo by dose cohort. In the 5-week dose-escalation cohorts, the study drug was administered by subcutaneous injection on Days 1, 8, 10, 12, 15, 22 , and 29. In the 13-week treatment cohort, the study drug was administered by subcutaneous injection on Days 1, 3, 5, 8, 15, 22, 29, 36, 43 , 50, 57, 64, 71, 78, and 85. A 2-month evaluation period involving 4 visits followed the treatment period. After this evaluation period, subjects in the 5-week treatment cohorts with fasting LDL cholesterol Ͻ90% at baseline continued with monthly visits up to 24 weeks after the last dose. Subjects in the 13-week treatment cohort continued with monthly follow-up visits for an additional 4 months.
Safety end points included all adverse events (AEs) and serious adverse events (SAEs); physical examination data and vital signs; and hepatic, renal, and coagulation profiles from laboratory tests. Laboratory evaluations included routine hematology, blood chemistries, and urinalysis.
Pre-specified efficacy end points included percentage change in LDL cholesterol and apo B from baseline on Day 59 (30 days after the last dose in the 5-week treatment cohorts). Percentage change from baseline in very-lowdensity lipoprotein (VLDL) cholesterol, high-density lipoprotein (HDL) cholesterol, non-HDL cholesterol, total cholesterol, triglycerides (TGs), the LDL/HDL cholesterol ratio, and apo B/apo A1 ratio were also evaluated on Day 59. Post-hoc exploratory analysis of all lipid parameters except for subclasses was performed on Day 99 for the 13-week cohort. Laboratory analysis. Fasting blood samples were analyzed for apo B, apo A1, VLDL cholesterol, LDL cholesterol, HDL cholesterol, total cholesterol, and TGs. Samples from the 5-week treatment cohorts were analyzed at Interlab GmbH (Munich, Germany), and those from the 13-week treatment cohort were analyzed at Medpace (Cincinnati, Ohio, and Belgium). In all cases, apo B and apo A1 concentrations were determined by rate nephelometry; total cholesterol and TGs were measured by standard enzymebased colorimetric assays. For the 5-week treatment cohorts, VLDL cholesterol, LDL cholesterol, and HDL cholesterol concentrations were determined by gel electrophoresis (Hydragel 30, Sebia Electrophoresis, Durham, North Carolina); and LDL cholesterol subclass concentrations were determined by density gradient ultracentrifugation (Beckman Optima MAX-E, TLN-100 rotor, Beckman Coulter, Fullerton, California). For the 13-week treatment cohort, VLDL and LDL cholesterol were calculated, and HDL cholesterol was determined by an enzymebased colorimetric assay after dextran-sulfate precipitation.
Mipomersen plasma trough concentrations were measured at Pharma Bio-Research (Amsterdam, the Netherlands) with a hybridization-dependent enzyme-linked immunosorbent assay. Terminal plasma elimination half-lives were estimated by a non-compartmental method of analysis (WinNONLIN version 5). Statistical analysis. Sample size was based upon an SD of 12% in the percentage change of LDL cholesterol and analysis of the data between 5 treatment groups and pooled placebo. Under these assumptions a sample size of 8/group would provide at least 80% power to detect a 20% difference in LDL cholesterol percentage change with a statistical significance level of 0.05. Study end points were analyzed on the intent-to-treat population, which consisted of all subjects that were randomized (n ϭ 74). Missing lipid parameter values were imputed by the last observation carried forward method. Descriptive statistics for apo B and LDL cholesterol data are presented by dose versus time. Baseline was defined as the average of 2 screening values and the pre-dose Day 1 measurement. Percentage change from baseline for each of the dose groups was compared with the pooled placebo group with the exact Wilcoxon rank sum test. Software used for the analyses was SAS version 8.2 (SAS Institute, Cary, North Carolina).
A visit window of Ϯ7 days was applied for the analyses of efficacy end points for the 5-week dose-escalation cohorts at Day 59. Descriptive analysis of efficacy was performed on the 13-week treatment cohort on Day 99 with a visit window of Ϯ4 days.
Results

Study participants.
One-hundred and thirty-two subjects were screened for inclusion in the study from October 2005 to February 2007 (Fig. 1) . Seventy-four participants receiving stable statin therapy were randomly assigned sequentially by dose cohort to either placebo or mipomersen treatment. Demographic data and background statin therapy are summarized in Table 1 by treatment group.
Sixty-eight subjects completed the study protocol, whereas in total 6 subjects were excluded in the course of the study. In the 5-week dose-escalation cohorts, 3 subjects dropped out: 1 was lost to follow-up, 1 missed 3 consecutive visits, and 1 withdrew informed consent for personal reasons. In the 13-week treatment cohort, 3 subjects (200 mg/week) discontinued dosing due to an AE, comprising transient injection site reactions in 2 and a transient alanine aminotransferase (ALT) level increase Ն5ϫ the upper limit of normal (ULN) (maximum 213 U/l) occurring after receiving 9 doses in 1 (see section, Safety observations). 5-week dose-escalation cohorts. The 5-week doseescalation cohorts involved 39 men and 23 women ranging in age from 49 to 65 years (data not shown). Baseline LDL cholesterol levels ranged from 84 to 216 mg/dl with a mean of 135 mg/dl. Baseline lipid parameters are summarized in Table 2 by treatment group. Reductions in apo B and LDL cholesterol seemed to occur in a dose-dependent fashion in subjects treated with mipomersen on a background of stable statin ther- 2) . Percentage changes in apo B and LDL cholesterol levels from baseline were statistically significant relative to placebo on Day 59 (30 days after the 5-week treatment period) in the 100-mg/week and higher dose groups (Table 3 ). The maximum reduction in apo B and LDL cholesterol was observed in the 300-mg/ week dose group, with reductions of 54% and 52% from baseline, respectively (p Ͻ 0.001 for both). In line, a maximum reduction of 52% from baseline in non-HDL cholesterol levels (p Ͻ 0.001) was demonstrated in the 300-mg/week dose group. Dose-dependent effects on apo B/A1 and LDL/HDL cholesterol ratios were consistent with the decreases in apo B and LDL cholesterol. Treatment at doses of 300 mg/week and 400 mg/week also produced a significant reduction in TGs of 41% (p Ͻ 0.05) and 31% (p Ͻ 0.01) from baseline. The HDL cholesterol levels were unaffected across all dose cohorts. Seventy-three percent of the subjects in the 200-mg/ week or higher dose cohorts (24 of 33) had LDL cholesterol levels below 100 mg/dl after 5 weeks of treatment (Table 4) . Thirty-three percent had LDL cholesterol levels below 70 mg/dl. All but 1 of the 24 subjects with LDL cholesterol levels below 100 mg/dl also achieved non-HDL cholesterol levels below 130 mg/dl and apo B levels below 90 mg/dl. No relationship between baseline LDL cholesterol in percentage change after mipomersen therapy was observed. 13-week treatment cohort. The 13-week treatment cohort involved 12 subjects (7 men and 5 women) ranging in age from 50 to 65 years. Baseline LDL cholesterol levels ranged from 104 to 154 mg/dl with a mean of 127 mg/dl (data not shown). Ten subjects were assigned to active treatment. An incremental reduction in apo B and LDL cholesterol of 36% from baseline was demonstrated in subjects treated with 200 mg/week mipomersen, 2 weeks after the last dose of the treatment period (Table 5) . These reductions were greater than that observed in the same-dose 5-week treatment group. The HDL cholesDemographic Data and Background Statin Therapy 
Statin values represent n (%) by statin type and dose. Median duration of statin therapy before dosing estimated as 4 years. Values represent the mean Ϯ SD. Triglycerides are presented as the median and range (minimum to maximum). Multiply values by 0.0259 (cholesterol) and 0.0113 (triglycerides) for conversion to SI units (mmol/l). *Baseline lipid values for 1 subject were based on the average of 4 independent measures before the first dose; all others were based on the average of 3 independent measures before the first dose as described in the Methods section. Apo ϭ apolipoprotein; HDL ϭ high-density lipoprotein; LDL ϭ low-density lipoprotein; VLDL ϭ very-low-density lipoprotein. One subject presented with fever (39°C) that occurred more than 12 h after receiving a first dose of 400 mg. The fever resolved spontaneously within 24 h and was considered possibly related to the study drug. The second SAE was a myocardial infarction that occurred 6 weeks after the 5-week treatment period. In view of the severe atherosclerotic disease on coronary angiography in this high-risk patient (hypercholesterolemia, obesity, smoking with 48 pack-years), this AE was considered as "unknown relationship to the study drug." The third SAE was for surgical treatment of lumbar spinal stenosis, which was considered not related to the study drug.
Baseline Lipid Parameters Among 5-Week Treatment Cohorts
Effects on Lipid Parameters Among 5-Week Treatment Cohorts
The most common AE in this study was a reaction at the subcutaneous injection site (Table 6 ). These injection site reactions were characterized by mild-to-moderate erythema, which did not worsen with repeated dosing and resolved spontaneously several days after the injection. Another frequent AE was transaminase increases. In the 5-week treatment cohorts, 5 of the 49 subjects (10%) receiving mipomersen (n ϭ 2, 200 mg/week; n ϭ 2, 300 mg/week; n ϭ 1, 400 mg/week) and 1 of 13 subjects (8%) receiving placebo experienced ALT elevations Ն3ϫ ULN. In 3 subjects (n ϭ 1, 200 mg/week; n ϭ 2, 300 mg/week) ALT Ն3ϫ ULN persisted on 2 or more consecutive occasions at least 7 days apart. In the 13-week treatment cohort, 5 of 10 subjects (50%) had elevations Ն3ϫ ULN, of which 4 had elevations Ն3ϫ ULN on 2 consecutive occasions. None of the patients showed elevations in total bilirubin Ͼ2ϫ ULN, and other measures of liver function, such as albumin, remained unchanged.
Other AEs that demonstrated a possible dose-dependent association were flu-like illness, fatigue, and pyrexia. There was no evidence of abnormal changes or treatment-related effects on kidney function on the basis of serum chemistry Baseline and Day 59 values represent the mean Ϯ SD in mg/dl. The number of subjects (n) below the indicated target level at the end point is presented by dose group, where the percentage of the total number of subjects in the group at baseline (%) is in parenthesis. Abbreviations as in Table 2 . Table 2 .
Effects on Lipid Parameters After 13 Weeks of Dosing at 200 mg/Week Mipomersen
and urinary protein data. There were no clinically significant effects of treatment on coagulation on the basis of prothrombin and activated partial thromboplastin times.
Discussion
In the present study, mipomersen produced significant incremental lipid-lowering effects in hypercholesterolemic subjects receiving stable statin therapy, resulting in an increased proportion of patients reaching LDL-target levels. A substantial number of patients, however, experienced transient increases in hepatic transaminase levels, particularly at higher dosages of mipomersen, without bilirubin change or change in other liver synthesis functions. Before long-term application of higher-dosed mipomersen, additional studies are needed to elucidate the mechanism as well as the clinical relevance of these transaminase increases. Efficacy. Mipomersen seemed to reduce apo B and LDL cholesterol levels from the on-statin baseline in a dosedependent fashion. However, because steady state levels for efficacy are calculated to be reached only at 26 weeks, it is difficult to draw conclusions on dose-dependent efficacy in the present 5-week study. Reductions in LDL cholesterol ranged from 18% to 49% relative to the placebo-control group at doses of 100 mg or higher. This response compares favorably to those reported for other lipid-lowering agents, (e.g., ezetimibe [18] and colesevelam [19] ) when added to stable doses of statins in subjects with primary hypercholesterolemia.
In the current study population, mipomersen produced broad atherogenic lipid-lowering effects that were consistent with earlier phase 1 studies involving healthy volunteers (14, 15) . These effects included significant reductions in non-HDL cholesterol and TGs. Non-HDL cholesterol is considered a secondary target of therapy after LDL cholesterol, particularly when TGs are above 200 mg/dl (1). Elevated TG concentrations are typically associated with cardiovascular risk (20, 21) and the presence of highly atherogenic, small-dense LDL particles (22) . Reductions in these secondary parameters by mipomersen were within range to those reported for other agents, (e.g., ezetimibe [18] and fibrates [23] ) when added to ongoing statin therapy. The HDL cholesterol levels were not significantly altered during mipomersen administration. Safety. Three SAEs occurred in this study, of which 2 (myocardial infarction and lumbar stenosis) were deemed not related to the study drug by the investigator. The remaining SAE (fever) occurred subsequent to administration of the first 400-mg dose and was considered possibly related to the study drug. In fact, a transient temperature increase was experienced by 2 other subjects in this dose group subsequent to the first dose but with no recurrence upon continued treatment. Flu-like symptoms in general seemed to be dose-related and might have reflected a transient response upon initial exposure to a higher concentration of the drug (24) .
Hepatic enzyme increases were observed in a substantial proportion of subjects, particularly in the higher dose cohorts, but without concomitant changes in other indicators of hepatic injury (e.g., increase in total bilirubin or decrease in albumin). The basis and clinical significance of the transaminase increases is not known at the present time. On the basis of the pharmacology, it is conceivable that changes in transaminase levels might reflect a change in hepatic TG accumulation. In line, inhibition of a more distal enzyme involved in apo B lipidation-the microsomal TG transfer protein-has also been associated with hepatic TG accumulation in both animal models (25, 26) as well as in humans (27) . In contrast, studies in both mouse and monkey models of hyperlipidemia found no evidence of persistent liver TG accumulation from antisense inhibition of apo B (13, 14) . The latter coincided with compensatory changes in response to antisense inhibition of apo B leading to increased fatty acid oxidation and decreased fatty acid synthase activity, which did not occur after microsomal TG transfer protein inhibition in these same animal models (14) . To directly assess the impact of apo B inhibition on hepatic TG excretion, a placebo-controlled study is underway to elucidate the effects of mipomersen treatment on Treatment-Emergent Adverse Events by Dose Group (Mipomersen Treated >10%) Back pain 1 (7) 1 (13) 2 (25) 1 ( Clinical implications. Results from the current Phase 2 study bear direct relevance to the treatment of patients at high risk for cardiovascular disease. In fact, mipomersen on top of statin therapy resulted in a significant, higher proportion of patients reaching target LDL (Ͻ100 mg/dl) as well as intensive LDL target (Ͻ70 mg/dl) compared with statin monotherapy. However, only a minority of patients used maximally tolerated lipid-lowering therapy in the present study. Because mipomersen is likely to be used in patients not reaching target levels despite maximum conventional therapy, further studies are needed to address the effects of mipomersen when given on top of high-dose statin such as atorvastatin 80 mg or rosuvastatin 20 to 40 mg. Given the short-term treatment period, small sample size, and narrowly defined subject population, additional clinical studies are required to confirm these results. Ongoing and planned clinical studies for mipomersen include longer-term dosing for 6 to 24 months in unmet medical need populations (e.g., those with familial hypercholesterolemia), those with high-risk cardiovascular disease that are not reaching their goal on current therapies, and those intolerant to statin therapy.
